The plant Golgi apparatus  by Dupree, Paul & Sherrier, D.Janine
The plant Golgi apparatus
Paul Dupree *, D. Janine Sherrier
University of Cambridge, Department of Biochemistry, Tennis Court Road, Cambridge CB2 1QW, UK
Received 8 December 1997; accepted 23 December 1997
Abstract
The plant Golgi apparatus has an important role in protein glycosylation and sorting, but is also a major biosynthetic
organelle that synthesises large quantities of cell wall polysaccharides. This is reflected in the organisation of the Golgi
apparatus as numerous individual stacks of cisternae that are dispersed through the cell. Each stack is polarised: the shape of
the cisternae and the staining of the membranes change in a cis to trans direction, and the cisternae on the trans side contain
more polysaccharides. Numerous glycosyltransferases are required for the synthesis of the complex cell wall polysaccharides.
Microscopy and biochemical fractionation studies suggest that these enzymes are compartmentalised within the stack.
Although there is no obvious cis Golgi network, the trans-most cisterna or trans Golgi network often buds clathrin-coated
and sometimes smooth dense vesicles as well. Here, vacuolar proteins are sorted from the secreted proteins and
polysaccharides. This review highlights unique aspects of the organisation and function of the plant Golgi apparatus.
Fundamentally similar processes probably underlie Golgi organisation in all organisms, and consideration of the plant Golgi
specialisations can therefore be generally informative, as well as being of central importance to plant cell biology. ß 1998
Elsevier Science B.V. All rights reserved.
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1. Organisation of the Golgi apparatus
The plant Golgi apparatus is composed of many
small stacks of cisternae, sometimes known as dic-
tyosomes. The number of stacks and their distribu-
tion within the cell is dependent on the cell type.
Maize root cap cells, which are actively secreting
large amounts of mucopolysaccharides, contain be-
tween 300 and 600 Golgi stacks per cell [1] but there
are many fewer, on average 25, in the apical meri-
stem cells of the hairy-willow herb Epilobium
hirsutum [2] (and references within). The stacks are
usually dispersed throughout the plant cell cytoplasm
singly or in small groups. This distribution can be
illustrated dramatically by immuno£uorescence la-
belling with the monoclonal antibody JIM84 (Fig.
1) [3^6]. This antibody recognises a glycoprotein
epitope present in the Golgi, and also in the plasma
membrane of some species [5]. The dispersed distri-
bution of the stacks may result from continual
streaming through the cytoplasm, but a direct visual-
isation in a living cell to demonstrate this movement
has not yet been achieved. A further consequence of
cytoplasmic streaming may be a loss of a ¢xed rela-
tionship between the Golgi and the ER.
In cells with localised sites of cell wall growth or
intensive secretion, Golgi stacks can become concen-
trated to speci¢c subcellular regions. Within tip
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growing cells, like root hairs and pollen tubes, Golgi
bodies are localised in a region a small distance away
from the growing tip [7^9]. Golgi-derived vesicles
containing cell wall polysaccharides concentrate
with other vesicles in the extreme tip of the growing
root hair where most of the other organelles are ex-
cluded [7]. However, an association of the Golgi with
growing regions of the cell is not absolute. It is also
probable that vesicles produced by Golgi stacks a
relatively long distance from the wall can be targeted
to the site of cell growth.
Movement of secretory vesicles away from the
Golgi stacks can be inhibited by cytochalasin B, sug-
gesting that actin micro¢laments have a role in
vesicle movement [10] and may also have a role in
distributing Golgi stacks throughout the cytoplasm.
When microtubules are disrupted, vesicles do migrate
away from the Golgi stack [10], but the site of vesicle
fusion may be altered, especially in tip-growing cells
[7].
Plant cells divide by the de novo formation of a
separating cell wall between daughter cells. Forma-
tion of the cell plate requires intensive secretion of
Golgi-synthesised cell wall polysaccharides. The
phragmoplast, a structure containing micro¢laments
and microtubules, spatially orients and positions the
new cell wall by directing Golgi-derived vesicles to
the cell plate [11]. The vesicles align and then fuse in
a regulated and characteristic manner [12]. A poten-
tial speci¢c t-SNARE that might regulate the fusion
process has recently been identi¢ed by analysis of a
cytokinesis-defective Arabidopsis embryogenesis mu-
tant, knolle [13]. Although Golgi stacks are excluded
from the direct area of the forming cell plate, they
may associate with the phragmoplast [14,15] and at
later stages become more closely associated with the
maturing cell plate [12]. The new plasma membrane,
also derived from the Golgi-derived vesicles, acquires
typical plasma membrane characteristics as soon as
the vesicles fuse, including a⁄nity for the electron
microscopy (EM) stain osmium ferricyanide [14],
and the ability to synthesise callose [12].
The process of cell division highlights a signi¢cant
di¡erence in behaviour of the Golgi apparatus in
plants and animals. To ensure partitioning of mem-
branes during cytokinesis of mammalian cells, secre-
tion stops and the Golgi apparatus vesiculates, re-
forming after mitosis (see the chapter by Shima
and Pepperkok in this issue). In contrast, in plant
cells the Golgi apparatus must be intact and func-
tional for cytokinesis to occur. Consequently, the
mechanism to partition Golgi stacks between the
daughter cells in plants may be unique. It may rely
on a dispersed distribution in the cytoplasm before
phragmoplast formation, or an interaction with cy-
toskeletal elements [11,14].
The organisation into discrete stacks also has the
consequence that their number must increase during
the cell cycle, and during di¡erentiation into an elon-
gating or secretory cell. The mechanism of Golgi
replication has been addressed by electron micros-
copic morphological studies. Garcia-Herdugo and
co-workers [16] found that the number, but not the
size, of Golgi stacks in onion meristematic cells var-
ied during the cell cycle, increasing dramatically dur-
ing mitosis. Additionally, in a synchronous culture of
Madagascar periwinkle (Catharanthus), the size and
number of cisternae increased shortly before and
during cytokinesis [17]. Based on electron micro-
graphs of stacks, the authors suggested that the Gol-
gi stacks divide during cytokinesis by the ¢ssion of
Fig. 1. Distribution of Golgi bodies within two Nicotiana root
cells shown by labelling with JIM84. The monoclonal antibody
JIM84 recognises a carbohydrate epitope on many Golgi and
plasma membrane glycoproteins. Golgi bodies are dispersed sin-
gly or in small groups throughout the cytoplasm. Micrograph
courtesy of Dr. C. Hawes.
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the individual cisternae, moving in the cis to trans
direction. However, it is di⁄cult at present to ex-
clude other mechanisms, including de novo forma-
tion of stacks. Perhaps with the discovery of Golgi
proteins that can be fused to green £uorescent pro-
tein, the timing and mechanism of Golgi replication
may be investigated more thoroughly within living
plant tissues.
2. Morphology and polarisation of individual
Golgi stacks
The size and morphology of individual plant Golgi
stacks vary tremendously between di¡erent cell types
and species. The cisternal membranes and associated
vesicles can be from 0.5 to 2.0 Wm in diameter. Golgi
stacks are usually composed of three to eight cister-
nae (Fig. 2) [18], and may be composed of 15 or
more in scale-secreting algal cells (Fig. 3) [19]. Never-
theless, within a single cell, the cisternal number is
remarkably uniform. Three-dimensional reconstruc-
tions of serial EM sections through plant Golgi
stacks have provided a morphological view rather
di¡erent from the common ‘stacked-pancake’ model.
A model of a single dictyosome from Aptenia cordi-
folia showed that the stack and associated vesicles
have an overall spherical shape [20]. The models
also revealed that there can be tubular connections
between adjacent cisternae, between neighbouring
Golgi stacks, and possibly connections to the endo-
plasmic reticulum [20,21]. A continuity of cisternae
with the ER has also been suggested in earlier studies
[22].
The directional £ow of material through the Golgi
apparatus is re£ected in the morphological polarisa-
tion of individual Golgi stacks. There are more ve-
sicular pro¢les associated with the medial region and
trans side of the Golgi than the cis cisternae. The
cisternae vary in staining characteristics and luminal
thickness. The membranes and contents of the di¡er-
ent cisternae stain more intensely in a cis to trans
direction (Fig. 2) [18,23]. Furthermore, the thickness
of the cisternal lumen decreases in a cis to trans
direction. Because this is more constant in animal
Golgi stacks, it was originally believed that the di¡er-
ences in plant cisternae were artefacts of chemical
¢xation. However, studies of tissues preserved by
high-pressure freeze ¢xation and freeze substitution
have con¢rmed these di¡erences (Fig. 2) [18,24]. So-
called intercisternal elements can be seen between
cisternae on the trans side of the stack in cells of
some species (Fig. 2) [25,26], and may be involved
in maintaining stack integrity [2,27].
Fig. 2. Golgi stack and trans Golgi network (TGN) in a columella cell of a Nicotiana root cap. Morphological characteristics of the
cisternae change in a cis to trans direction. Clathrin coats (arrowheads) are associated with the TGN. ER, endoplasmic reticulum. Bar
equals 0.5 Wm. Micrograph courtesy of Dr. L.A. Staehelin. Modi¢ed with permission from [27].
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In cells secreting large amounts of material, the
stack polarity is exaggerated. For example, in
slime-secreting maize root cap cells the trans-most
cisternal rims are dilated or connected to huge
vesicles which bud from the trans side of the Golgi
stack (Fig. 4) [28]. Similar di¡erentiation of Golgi
stack morphology is also seen in slime secreting cells
of root tip cells of tobacco and Arabidopsis plants
[27]. These cells show beautifully how the Golgi mor-
phology of di¡erent plant cells re£ects their function-
al di¡erences.
In many higher plants, there is no obvious cis
Golgi network (CGN). In some algae the ER and
Golgi are clearly associated and the cis Golgi can
be identi¢ed (Fig. 3). However, in most higher
plants, especially in cells secreting polysaccharide,
there is no ¢xed association with the ER (Fig. 4)
[29]. Although this might be considered important
for transit of proteins between the two organelles,
an association is not always obvious from electron
micrographs. Golgi bodies may associate more
closely with ER under conditions of cold stress
when polysaccharide secretion is reduced [22]. Even
in cases where the ER is nearby, membranes that
could constitute a CGN are not often apparent
(Fig. 2).
On the trans side of the stack, slightly removed
from it, is a membrane structure referred to as the
trans Golgi network (TGN). It is less extensive than
in animal cells, and is often reminiscent of a Golgi
cisterna (Fig. 2). It can be distinguished by its more
complex morphology, and by the presence of clath-
rin-coated and other budding vesicles. EM sectioning
has shown that not every stack has a clear TGN
[2,30] and in this case the trans-most cisterna may
function in its place (Fig. 4). Alternatively, the so-
called partially coated reticulum (PCR), a membrane
of similar morphology, could be a ‘displaced’ TGN.
Although it is not so closely associated with the
stack, it can be connected to it by tubules [30], and
Fig. 3. Golgi stack in the alga Scher¡elia dubia. A membranous scale reticulum (SCR), and secretory vesicles containing scales (arrow-
heads) are seen near the trans side of the Golgi body. Vesicles not containing scales (small arrows) are closely associated with the Gol-
gi stack. Large arrows indicate clathrin-coated membrane pro¢les. ER, endoplasmic reticulum; M, mitochondrion; P, plastid; V, con-
tractile vacuole. Bar equals 0.5 Wm. Micrograph courtesy of Prof. B. Becker. Modi¢ed with permission from [84].
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it also contains clathrin-like coat pro¢les. However,
the PCR also has some characteristics of an endo-
some [31,32]. Therefore it is not clear if the TGN/
PCR is one and the same organelle with functionally
distinct subdomains. Alternatively there may be two
clearly distinct but morphologically similar organ-
elles. At present, there are no TGN or PCR marker
proteins that can be used to distinguish these possi-
bilities.
Golgi morphology, vesicle tra⁄cking and secretion
have been studied using Brefeldin A (BFA), a fungal
toxin from the plant pathogen Alternaria carthami.
The e¡ects of BFA depend on the cell type and ex-
perimental conditions [33]. BFA inhibits secretion of
glycoproteins and polysaccharides [34,35], and dis-
rupts the delivery of soluble proteins to the vacuole
[36]. Inhibition of tra⁄cking is not always accompa-
nied by disintegration of the Golgi stack as seen in
mammalian cells. In certain cases, Golgi stack mor-
phology and distribution are altered dramatically by
BFA and 7-oxo-BFA causing Golgi clustering and
vesiculation without fusion with the ER [33,35].
This further illustrates the more distant relationship
between the ER and Golgi in plants than seen in
mammalian cells.
3. Biosynthetic functions of the plant Golgi apparatus
The plant Golgi apparatus synthesises a wide
Fig. 4. Hyper-secretory outer cap cell from a maize root ¢xed in potassium permanganate to stain endomembranes. Golgi bodies
(large arrowheads) have extended secretory vesicles attached to the cisternae. Small arrowheads depict secreted mucopolysaccharides.
CW, cell wall. Bar equals 1 Wm. Micrograph courtesy of Dr. H.H. Mollenhauer. Modi¢ed with permission from [1].
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range of cell wall polysaccharides and proteoglycans,
and also carries out O-linked glycosylation and N-
linked glycan processing. No studies have yet ad-
dressed whether glycolipids are modi¢ed in the plant
Golgi. As in the animal and yeast Golgi, it is thought
that a speci¢c glycosyltransferase is required to
transfer each sugar from a nucleotide sugar donor
to an oligosaccharide acceptor [37], and the transfer-
ases may work in complexes [38]. Although the ac-
tivities of several of the enzymes have been exten-
sively characterised [39], there are no published
reports of the cloning of any genes encoding them.
Transporters are also required to permit entry of the
sugar nucleotide precursors into the lumen of the
Golgi [40]. The diverse biosynthetic processes there-
fore require a very large number of speci¢c enzymes.
In order to simplify the recognition of the substrates,
it is probable that the enzymes are subcompartmen-
talised within the stack [41].
The synthesis of cell wall polysaccharides in the
Golgi apparatus was demonstrated many years ago
by in vivo labelling studies followed by autoradiog-
raphy [42]. Only cellulose (L1,4-glucan) and callose
(L1,3-glucan), are synthesised at the plasma mem-
brane. The two abundant classes of Golgi-synthe-
sised polysaccharides, the pectins and hemicelluloses,
can constitute between 50 and 80% of the dry weight
of the cell wall [39]. Their structures are complex,
containing a range of sugars in a variety of linkages.
The pectins and hemicelluloses are distinguished
by their sugar composition and consequent extracti-
bility from the cell wall, the pectin being soluble in
hot dilute acid, the hemicelluloses in alkali. The pec-
tins are highly branched acidic polysaccharides com-
posed mainly of galactose and rhamnose, but can
contain over ten other sugars [43]. A major pectin
of dicotyledonous plants, rhamnogalacturonan I
(RG-I), has a backbone of K1,4-linked galacturonic
acid alternating with K1,2-linked rhamnose, and a
variety of side chains composed principally of arabi-
nose and galactose [44]. The galacturonic acid of
pectin is often partially esteri¢ed in the Golgi [9].
Other pectins, including arabinans, galactans, arabi-
nogalactans and polygalacturonic acid (PGA) are
present in variable amounts in di¡erent tissues and
species.
The hemicelluloses are a broad group of polymers
including xylans, glucans, mannans, glucomannans
and galactomannans. The principle hemicellulose of
the primary walls of dicotyledonous plants, xyloglu-
can, has a L1,4-glucan backbone with xylose side
chains further modi¢ed by galactose and sometimes
Fig. 5. Golgi stack in a root hair of Vicia faba. The tissue is immunolabelled to show xyloglucan (large gold) and methyl esteri¢ed
pectin (small gold) asymmetrically localised within the Golgi stack. Bar equals 0.25 Wm. Micrograph courtesy of D.J.S. and Dr. K.A.
VandenBosch. Modi¢ed with permission from [9].
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fucose. In contrast, the secondary walls contain a
xylan with side chains of glucuronic acid.
A single Golgi stack can synthesise both pectins
and hemicelluloses (Fig. 5). The plant Golgi appara-
tus therefore contains a very wide range of enzymes.
The synthesis is highly developmentally regulated,
and so the activities are remodelled during cell di¡er-
entiation. Nevertheless, even within a single cell, sev-
eral di¡erent polysaccharides are synthesised at one
time. Understanding the speci¢city of the enzymes,
and the mechanism of their regulation is one of the
major challenges of plant Golgi research.
Glycosylation of the cell wall proteoglycans con-
stitutes a signi¢cant proportion of plant Golgi sugar
transferase activity. The cell wall arabinogalactan
(AGP) and extensin superfamilies of repetitive hy-
droxyproline-rich glycoproteins (HRGPs) are exten-
sively glycosylated, to the extent that carbohydrate
can comprise from 5% to over 90% of their mass
[45]. Cell fractionation studies suggest that incorpo-
ration of arabinose into HRGPs occurs predomi-
nantly in the Golgi apparatus [46,47]. Consistent
with this biochemical evidence, immunolabelling
with antibody raised against hydroxyproline-arabi-
nosylated extensin labels the Golgi but not the ER
[41]. Hydroxyproline (Hyp) of HRGPs can be the
site of attachment of three to four arabinose resi-
dues, and serine may bear a single galactose. Since
not all Hyp residues are equally glycosylated, recent
studies have investigated the recognition motifs of
the glycosyltransferases. In a Douglas ¢r HRGP,
the peptide Lys-Pro-Hyp-Hyp-Val is always arabino-
sylated at Hyp-3, mainly by a triarabinoside [48]. In
general, blocks of hydroxyproline are the most highly
arabinosylated, single non-contiguous Hyp residues
the least, but single Hyp residues are likely attach-
ment sites for the larger arabinogalactan glycan
structures of AGPs.
In general, O-linked glycosylation of intracellular
proteins seems to be more limited, but has been little
studied. Sporamin, a sweet potato vacuolar storage
protein becomes glycosylated on hydroxyproline, and
perhaps serine [49]. Sensitivity to BFA and pulse
chase experiments suggest this glycosylation occurs
in the Golgi. Processing of N-linked glycans is sim-
ilar to that in animals. A signi¢cant di¡erence is the
presence of K1,3-linked fucose (and not K1,6-linked
fucose) and/or a L1,2-xylose linked to the
Man3GlcNAc2 core. As a consequence, many plant
glycoproteins are highly antigenic. There is some het-
erogeneity in further processing, with glycans of
some proteins receiving galactose and fucose to
form the Lewis a antigen [50]. Sialic acid has not
been detected in plant proteins. The activities of
the glycosidases and glycosyltransferases have been
localised to the Golgi apparatus by cell fractionation
[51^55].
4. Biochemical subcompartmentation of the Golgi
The complexity of the glycosylation processes in
the plant Golgi, particularly polysaccharide synthe-
sis, has led to the suggestion that biochemical sub-
compartmentation of the enzymes into cis, medial
and trans cisternae would simplify the substrate rec-
ognition and synthetic mechanisms [41]. Although
there are probably three distinct compartments in
the mammalian and yeast Golgi complex [56], and
it is possible to de¢ne morphologically three types of
cisternae [2], the functional equivalence of these com-
partments in plants is unproven. There has been no
unequivocal demonstration of biochemical compart-
mentation of enzymes within the plant Golgi stack.
The enzymes have not been localised microscopi-
cally, since there are no antibodies or clones yet
available for these purposes. Furthermore, the ab-
sence of a clear CGN and TGN in certain cells,
and the morphology suggestive of a maturing stack
of cisternae, have led to the suggestion that the plant
stack might be a single compartment, analogous to
maturing secretory vesicles [56]. It is important to
resolve this point, since it has implications for target-
ing of the Golgi enzymes, for understanding the
mechanism of movement of proteins and polysac-
charides through the stack, and for the mechanism
and speci¢city of polysaccharide biosynthesis.
There is considerable indirect evidence that the
enzyme activities are compartmentalised into distinct
cisternae, and morphological polarity would support
the idea. In a series of immunocytochemical experi-
ments, Staehelin and co-workers, and others, have
shown that the polysaccharide products of the Golgi
enzymes are asymmetrically distributed across the
stack. Using antisera that recognised the xyloglucan
backbone, labelling was found over the trans cister-
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nae and TGN [18,41]. A similar distribution of label-
ling was found with antibody recognising a fucose-
containing epitope of the xyloglucan side chain
[9,18]. Moreover, antibodies recognising epitopes of
the pectin PGA/RG-I labelled predominantly the cis
and medial cisternae in cultured sycamore cells [57].
Methyl esteri¢ed pectin is found in the medial and
trans cisternae of vetch root hairs and sycamore cells
(Fig. 5) [9,18]. This suggests that pectin synthesis is
initiated in the cis Golgi and methyl esteri¢ed in later
cisternae, whereas the hemicellulose is synthesised
predominantly in the trans cisternae. However, it is
unclear whether all precursor and ¢nal processed
polysaccharides are quantitatively recognised by
these antibodies. These studies can only show the
steady state distribution of product, and not of the
enzymes themselves. Recently, a reversibly glycosyl-
ated peripheral protein RGP1, suggested to be in-
volved in polysaccharide synthesis, has been shown
to be localised speci¢cally to the cytosolic side of
cisternae on the trans side of the Golgi stack [58],
further suggesting a speci¢c biochemical function
for these cisternae.
Similar immunocytochemical studies using antisera
recognising complex N-linked glycans are also con-
sistent with the model of subcompartmentation of
enzymatic activities. In addition to labelling of
post-Golgi compartments, labelling for xylose-con-
taining glycoproteins was highest in the medial cis-
ternae, while fucose-containing glycoproteins were
mainly detected in the trans cisternae [59]. Immuno-
localisation of the complex N-linked glycan Lewis a
epitope also revealed a late-Golgi labelling ([50]; L.
Faye, personal communication). This could suggest
that xylosylation of glycoproteins occurs earlier in
the stack than fucosylation. However, labelling could
be found even in the cis cisternae [59], and in an
earlier study, little evidence for an symmetric distri-
bution was found [60]. Interpretation of these studies
is a¡ected by potential recycling of glycoproteins
within the stack.
Many studies have attempted to demonstrate sub-
compartmentation of enzymes by biochemical frac-
tionation. However, the only universally used marker
activity is latent UDPase, a Golgi enzyme activity
thought to be required for nucleotide-sugar incorpo-
ration [61]. There are no general marker activities for
early or late Golgi compartments. Homogenates of
tissues separated by density gradient centrifugation
have separated latent UDPase into two or three dis-
tinct membrane fractions [62^64]. This may re£ect
separation of subcompartments of di¡erent densities.
Furthermore, in experiments looking at hemicellulose
synthesis, a glucuronyl transferase and a xylosyl-
transferase activity from pea epicotyl were separated
into membranes of di¡erent densities, indirectly sug-
gesting distinct subcompartmentation of the enzymes
[63,65]. However, the results could also represent
separation of Golgi stacks from di¡erent cell types
synthesising the di¡erent polysaccharides of the pri-
mary and secondary cell walls. In contrast to the
results suggesting separation of subcompartments,
the separation of the enzymes that process N-linked
glycans could not be achieved [55].
In summary, signi¢cant weight of indirect evidence
suggests that there may be subcompartmentation of
enzymes in the plant Golgi stack. The range of en-
zyme activities studied, due to species and tissue spe-
ci¢city, means that there are no general markers that
can be used to distinguish potential subcompart-
ments. As antibodies become available, it will be im-
portant to see whether localisation of speci¢c glyco-
syltransferases supports this model.
5. Sorting functions of the plant Golgi apparatus
The Golgi is involved in returning escaped proteins
back to the ER, sorting of proteins and polysaccha-
rides to the cell wall or vacuoles, and in organising
the compartmentation of its own enzymes by reten-
tion or retrieval mechanisms. The evidence for com-
partmentation of glycosyltransferases suggests that
they are e¡ectively maintained in the plant Golgi
stack. There are few reports yet of studies addressing
the question of targeting to the Golgi, because of the
absence of identi¢ed plant Golgi membrane proteins.
A GlcNAc transferase I mutant cgl1 of Arabidopsis
could be complemented by expression of the mam-
malian homologue [66], suggesting that targeting
may be conserved to some extent between mammals
and plants. Transgene transferase activity was con-
¢ned to Golgi-enriched biochemical fractions, but it
cannot be ruled out that inactive protein was present
elsewhere in the cells [66].
Since the initial electron microscopic characterisa-
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tion of the plant Golgi, there has been considerable
discussion about the mechanism of movement of pol-
ysaccharides and cell wall material through the stack.
The two favoured models are cisternal progression
[28] and COPI (coatamer)-mediated vesicular trans-
port [67], and the relative merits of the models have
recently been well reviewed [28,29,68,69]. The earlier
cisternal progression model is supported by observa-
tions of the wide range of unicellular algae that syn-
thesise scales (Fig. 3) [19,70,71]. These scales form
within the cisternae, and are never present in Golgi
associated vesicles. Maturation of cisternae into se-
cretory vesicles containing large scales can sometimes
be directly observed [72]. Although these dramatic
examples come from algae, the progression model
is also attractive in higher plants. The morphology
of the cisternae and the TGN are sometimes very
similar. Moreover, in slime secreting cells, the mate-
rial transported across the stack is not seen in asso-
ciated coated vesicles (Fig. 4) [22]. However, im-
provements to the original progression model are
needed to explain the maintenance of compartmen-
tation of enzymes across the stack, and the regener-
ation of the cis cisternae, given the spatial separation
of the ER from the stack.
Escaped ER proteins must be retrieved and re-
turned to the ER. The signal for retrieval of ER
luminal proteins is a C-terminal KDEL or HDEL
[73,74]; retrieval of membrane proteins has not yet
been studied in plants. As discussed above, there is
no clear structure like a CGN near many Golgi
stacks, and there is often no association of the ER
and Golgi stack. The location of the retrieval com-
partment is therefore a matter of some debate. The
compartment for retrieval of the escaped ER proteins
may not be part of the stack itself [29], but a discrete
compartment with an ER association. Nevertheless,
possible COPI coat pro¢les are sometimes seen on
Golgi cisternae (Fig. 2), suggesting that some
COPI-mediated retrieval occurs within the stack. A
probable receptor for retrieval of luminal ER pro-
teins, aERD2p, has been identi¢ed [75], and it will
be important to determine its location in the plant
cell to demonstrate the site of the retrieval compart-
ment.
There are several requirements for sorting proc-
esses at the trans face of the Golgi apparatus. The
vacuolar proteins are sorted from the proteins des-
tined for the plasma membrane or cell wall. Polysac-
charides are also excluded from vesicles that take
proteins to the vacuoles. Furthermore, the recent
demonstration that some plant cells have two distinct
vacuoles, a lytic and a storage organelle [76], raises
the possibility that the proteins destined for these
organelles are sorted from each other in the Golgi.
There are two candidate vesicle types seen at the
TGN that might be involved. Clathrin coated vesicles
are probably involved in transport of vacuolar pro-
teins in some cells [77,78]. However, in the develop-
ing seed storage tissues of pea cotyledons and pump-
kin, smooth dense vesicles (SDVs) carrying seed
storage proteins bud from the TGN [79,80]. These
SDVs, up to 300 nm in diameter, have no apparent
coat. It is not yet clear if these di¡erent vesicle types
are generally involved in transport to the di¡erent
vacuoles. Several studies have identi¢ed peptide sig-
nals that are able to target test proteins to the vac-
uole [81]. These peptide signals, present as propep-
tides, may be at the N or C terminus of the protein,
and are poorly conserved. A probable vacuolar sort-
ing receptor that recognises the N-terminal propep-
tide of aleurain, a barley storage protein, has recently
been identi¢ed and localised by immunoelectron mi-
croscopy to the Golgi stack and a putative prevacuo-
lar compartment [82]. Wortmannin can inhibit the
sorting of a C-terminally targeted protein, barley lec-
tin, suggesting the involvement of a PI kinase in the
sorting process [83]. However, the same protein tar-
geted with an N-terminal sequence from sweet potato
sporamin was relatively insensitive. This supports the
idea that there are two di¡erent sorting pathways,
and it is tempting to speculate that the di¡erent path-
ways and peptide signals are related to the need to
target to di¡erent vacuole types.
6. Summary
The Golgi apparatus is central to the growth and
division of the plant cell through its roles in protein
glycosylation, protein sorting, and cell wall synthesis.
The structure of the plant Golgi re£ects the relative
importance of these roles. The molecular tools to
investigate these processes, such as genes encoding
Golgi proteins, are now becoming available, and
we will soon be able to investigate the challenging
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questions of compartmentation of the enzymes and
the functional relationship of the TGN and PCR,
and to visualise the dynamics of the Golgi in a living
cell.
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